The open volume defects density decreases, reaching a minimum at 250°C. In the 250-650°C temperature range there is an increase in defects due to the appearance of vacancy clusters. At the higher annealing temperatures (700-900°C) the vacancy clusters disappear only in the samples implanted at 5 x 10 15 cm -2 .
Introduction
In the last two years there was a novel interest in the production of clean cavities in silicon samples at well-defined depths. These cavities, with a mean diameter in the nanometer range, were found to be very useful in gettering metal contaminants that reduce the performances and the reproducibility of semiconductors devices. The recipe to obtain nanocavities in Si has been known since 1987 [1] : He implanted in Si at a high dose, coalesces forming bubbles and then, after annealing at temperature higher than 800°C, out-diffuses leaving empty voids. The formation of helium bubbles and their evolution in cavities was studied [2] as a function of the helium dose and of the implantation energy. The density and the diameter of the voids were investigated by transmission electron microscopy (TEM) after different thermal processes. Very little was known about the atomic processes involved in the clustering of He, and the role of He interaction with vacancy and vacancy clusters in cavity formation. Recently, the subject was systematically investigated with several techniques applied at samples implanted at a He fluence below (5 x 10 15 cm -2 ) and above (2 x 10 16 cm -2 ) the threshold for cavities formation. Information about the evolution of He and of the displaced silicon atoms distributions was obtained by elastic recoil detection (ERD) and Rutherford backscattering in channelling (RBS-C) [3, 4] . Thermal programmed desorption (TPD) [5] was employed to obtain information about thermodynamics and kinetics quantity. TEM was used on selected samples to identify the nanostructures. The distribution of open volume defects was found by positron annihilation spectroscopy (PAS) [6, 7] .
Experimental
The samples, obtained from high purity p-type (1.7-2.5 Ω cm) silicon wafers, Czochralski grown, (100) oriented, were kept at liquid nitrogen temperature and implanted at 20 keV with an He fluence of 5 x 10 15 and 2 x 10 16 cm -2 . Four series of samples were prepared and measured. Two series, one implanted at 5 x 10 15 He/cm2 , the other implanted at 2 x 10 16 He/cm 2 , were isochronal annealed for two hours in the 150-900°C temperature range. Two series were treated isothermally at 250°C in the 2 min -24 h time range. By Monte-Carlo simulation the He projected range ΔRp w a s f o u n d t o b e a b o u t 2 3 0 n m w i t h a s t r a g g l i n g ΔR p of 85 nm [3] .
The Doppler broadening measurements were performed with an electrostatic slow positron beam [8] coupled with a high purity germanium detector. The measured momentum distribution of the electron-positron annihilating pairs was characterized by the S parameter calculated as the ratio of the counts in the central area of the peak and the total area of the peak. The narrowing of the momentum distribution (an increase in the S parameter) is an indication of positron annihilation in open volume defects. In the analysis of PAS data we have also utilized the wing parameter W that is the relative fraction of the counts in the wings region of the annihilation line. The S and W parameters were measured as a function of the positron implantation energy in the 0.06-25 keV energy range. S vs. E data were analyzed by the diffusion model [9] and the W(E) vs. S (E) data by the method described in Ref. [10] to extract information about the distribution and the types of the open defects.
Results and discussion
As an example some selected S parameter measurements, normalized to the silicon bulk S value, are shown in Fig. 1 as a function of positron implantation energy and of the mean positron implantation depth. The lines are the best fit obtained by the diffusion equation model. The presence of open volume defects in the as implanted sample is evident from the figure. The number of defects increases in the sample annealed at 500°C and decreases, moving more deeper, in the sample annealed at 850°C.
The density Nn" of open volume defects and the mean depth of the defects distribution d, as obtained by the best fitting procedure, are summarized in Fig. 2a and b, respectively, for the two series of samples isochronically annealed. Every type of open volume defect is characterized by a typical Sd parameter. The Sd values were obtained [6, 7] by the best fitting procedure and by the method of Ref. [10] . It was found that the characteristic Sd values change with the thermal He/cm2 and annealed at temperatures higher than 700°C) in which nanocavities were observed by TEM measurements. The defects were classified by comparing the Sd values with the Sd values evaluated theoretically [11] for electron-positron pairs annihilating at ideal vacancy clusters in Si (V1, ... , V5: monovacancy,..., pentavacancy). The helium related defects as measured by PAS were classified as Vi*, ..., V5 with the meaning of a distribution of different defects with a predominance of open volume defects with VI , ..., V5 character [7] .
The discussion will be made with reference to Fig. 2 . After implantation the majority of open volume defects are passivated by He atoms and involved in the He clustering [12] . In the samples implanted at low fluence (5 x 10 15 He cm -2 ) more Vi* (Sd = 1.02) survived; contrary to it, in the sample implanted at high fluence (2 x 10 16 He/cm2 ) more V2*( S d = 1 . 0 3 8 ) h a s b e e n f o u n d . T h e m e a n d e p t h distributions of Vi* and V2 are at a depth more than five times less than the mean depth of the He distribution (230 nm) and three times less than the mean depth of the displaced silicon atoms distribution (130 nm). PAS reveals fewer defects in the sample implanted at the highest fluence: this can be due to a more effective passivation of the positron traps by He.
In the first stage of the thermal treatment (150-250°C), according to ERD and TPD measurements, there is a negligible loss of helium from the samples. The cont ent of V1* and V2* decreases. Thi s decrease i s due t o passi vat i on by He that moves towards the surface. Vi completely disappears at 250°C and only V2* remains. A part of the more unstable V1* could also coalesce, during annealing, in V2*. The behavior of the open volume defects is similar in the samples annealed isothermally at 250°C. In the first five minutes, when the helium loss is not observed, there is a decrease in V1* and V1*, then V2* starts to increase.
From 300°C the number of defect increases in both the series. In the 5 x 10 15 cm -2 series V2* increases up to 400°C, then V4 (Sd = 1.061) appears a t 450°C. The V4* c onc e nt r a t i on de c r e a s e s f r om 450°C. At 700°C a l l de f e c t s a r e recovered. The mean depth of the defect distribution is about 85 nm from 300 to 500°C, always less deeper than the mean depth of He distribution. In the 2 x 10 I n t h i s t e m p e r a t u r e range the defects distribution moves towards a mean depth of about 95 nm. The formation of these vacancy clusters is strictly related to the out-diffusion of He trapped in stronger defects [5] . At the annealing temperature of 700°C there is the appearance of the first cavities (Sd = 1.0112) confirmed by TEM measurements. From this annealing temperature the smaller clusters (V4* , V6 * ) d i s a p p e a r a n d t h e He depletion is complete around 800°C [3] . The formation of cavities is activated by the He detrapping from big agglomerates but the increase in the size of cavities is also due to migration and coalescence of open volume defects [2] . TEM analysis has shown an increase in the mean radius of the cavities and the analysis of PAT data -a decrease in the cavity densities. The mean depth of the positron trap distribution moves from 100 to 230 nm.
